Association of acetylacetone molecules with water was studied by means of infrared absorption spectroscopy aided by matrix isolation technique. The spectra of acetylacetone-water mixtures isolated in low temperature argon and nitrogen matrices revealed additional spectral bands, not observed in the spectra of pure substances, thus confirming the formation of hydrogen bonded complexes. The precise assignment of the spectral bands was performed by varying the sample concentration, performing annealing experiments and DFT B3LYP 6-311++G(3df, 3pd) calculations. Positions of the associated water bands indicate a medium strength hydrogen bond comparable to the one observed in the water trimers. The effect of hydrogen bond formation is rather minimal for the acetylacetone molecule and our experiments confirm no significant influence on an internal hydrogen bond structure or dynamics in the acetylacetone molecule. Similar conclusions are valid in the case of the D 2 O D2-acetylacetone complex. Different situation is observed when CH 3 groups in acetylacetone are replaced with CF 3 groups. The calculated energy of the complex is twice as small. This is also confirmed by a very small bounded OH stretch shift. This observation confirms that the electronic structure of the molecular groups even relatively far away from the hydrogen bond accepting atom has a large influence on its possibility to form a hydrogen bond.
INTRODUCTION
Hydrogen bonding plays a very important role in many aspects of physics, chemistry, and biology. This is especially true in the modern research in such fields as surface physics, biochemistry, and biophysics. Formation of hydrogen bonded complexes alters properties of the matter and might significantly influence processes occurring in chemical and biological systems [1] [2] . Studies of water complexes with both organic and inorganic compounds are of particular interest.
Acetylacetone (AcAc) is a diketone molecule whose enolic form (Z-4-hydroxy-3-penten-2-one) is stabilized by an internal hydrogen bond and is therefore the most stable form. However, it coexists with the β-diketone tautomer (2,4-pentanedione is also called keto) in the gas phase or the liquid phase. The molecule presents an interesting case where its structure is determined by a strong intramolecular hydrogen bond [3] [4] [5] . Recent theoretical and experimental results indicate an existence of three large amplitude internal motions in this molecule, which results in a complicated dynamic structure of the molecule. Vibrational spectroscopy coupled together with low temperature experimental techniques provides excellent possibilities to study complicated molecules and molecular structures. AcAc has been extensively studied using the infrared absorption matrix isolation technique [5] [6] [7] [8] [9] [10] . Experiments performed in the parahydrogen matrices at temperatures below 4 K allowed one to establish the fact that large amplitude motions are preserved even when AcAc is isolated in a low temperature solid [11] .
The influence of water on the structure and dynamics of an internal hydrogen bond in acetylacetone is an attractive problem as it is a very good model system for understanding complex processes in complicated macromolecules. In most molecules that are of biological interest there exist active molecular groups, such as O-H, C=O and others, capable of forming internal and external hydrogen bonds.
Matrix isolation infrared spectroscopy is one of the most suitable experimental methods for studying such complicated molecular systems. The weak complexes are stabilized in the inert matrix host. Moreover, by changing the host to guest ratio one can observe the specific complex bands growing or disappearing depending on the sample concentration in the matrix [12] .
In this work we present the study of an acetylacetone (AcAc) and water complex by means of matrix isolation infrared absorption spectroscopy. Parallel to us, another group in the Department of Chemistry in the Tokyo University of Science did similar experiments with acetylacetone-water complexes and their deuterated analogues [13] . We expect our results for deuterated acetylacetone-deuterated water association to be less complicated and easier to interpret as we performed the experiments with deuterated substances, in contrary to Ref. 13 where partial deuteration was achieved by mixing normal acetylacetone with D 2 O. The experiments described in Ref. 13 lead to a complicated situation where all possible mixed isotopologues of water and acetylacetone are observable in a single sample. In addition, we performed experiments with hexafluoroacetylacetone in order to further explore the effect of the terminal group atoms mass change influence on the properties of the intermolecular and intramolecular hydrogen bond. Spectral bands arising due to the formation of the complex are detected and assigned to the normal vibrations based on three techniques: mixture ratio variations, matrix annealing experiments and theoretically calculated spectra using the density functional theory (DFT) B3LYP. The influence of the mass and electronic structure on the process of hydrogen bond formation between acetylacetone and water molecules is explored by studying double deuterated acetylacetone (D2-acetylacetone, D2-AcAc) where O-H and βC-H hydrogens are changed to deuterons and hexafluoroacetylacetone (6F-AcAc), with CH 3 groups changed to CF 3 groups.
METHODOLOGIES Experimental
Acetylacetone (99%) and hexafluoroacetylacetone (99%) from Sigma-Aldrich were degassed in the vacuum system and used without further purification. D2-acetylacetone was prepared using the technique described in [14] . Water was filtered and distilled using an EASYpure RoDi (Thermo Fisher Scientific) water purification system, and degassed by using a freeze pump thaw cycle. Nitrogen (99.99%) and argon (99.99%) gases from Elme Messer Gaas were used without an additional treatment.
Sample-matrix gas mixtures were prepared in the glass vacuum system. Sample-matrix gas ratios were estimated by measuring the partial gas pressure in the vacuum system. A typical sample to the matrix gas ratio of 1 to 500 was used in most experiments. AcAc-water ratios were varied in a wide range in order to obtain spectra with different amounts (in comparison to monomers) and sizes (e.g. 1 water, 1 AcAc molecule or 2 water, 1 AcAc) of complexes. In a typical experiment approximately 20 mmol of the gas mixture were deposited for 90 min onto a CsI window held at 9 K in a closed cycle He cryostat (Leybold-Heraeus RW2).
The IR spectra were recorded in the 500-4000 cm -1 range using a Bruker IFS 113 spectrometer at 1 cm -1 resolution. The background spectra and the sample spectra were measured under the same conditions, measuring and averaging 256 spectra. In order to follow complex formation in the matrix sample warming experiments were performed. The spectra were recorded at 9, 20, 25 and 30 K temperature. During the experiments where nitrogen gas was used, one spectrum was recorded at 35 K temperature as well.
Calculations
The density functional theory (DFT) at the B3LYP/6-311++G(3df, 3dp) [15] level was used to optimize the geometries and calculate harmonic frequencies of complexes consisting of one acetylacetone and one water molecule. All calculations were performed using the Gaussian 09 program package [16] . In a typical calculation the NoSymm keyword was used in order to ensure that the calculation program does not enforce an incorrect symmetry for the AcAc molecule.
RESULTS AND DISCUSSION

Quantum chemistry calculations
The structure of water and acetylacetone molecules allows several possible 1:1 complex geometries. There are three active centers of the AcAc molecule which are expected to be sites for interaction with the water molecule. Those are an oxygen atom from the C=O group, an oxygen atom from the C-O-H group and a β-hydrogen atom in the C-H group of acetylacetone. The performed calculations predict that all three mentioned complexes are indeed local minima on the potential energy surface. The optimized geometries and calculated energy differences are presented in Fig. 1 . The most stable and thus most expected to be observed experimentally is the configuration where water bonds to the C=O group of acetylacetone (C=O side complex). The calculated binding energy for this structure is 23.6 kJ/mol. The next in energy is the structure where water bonds to the O-H side with the calculated binding energy of 16.5 kJ/mol. This gives the energy difference of 7.1 kJ/mol between two calculated structures. The least stable complex structure according to the calculations is the one where water bonds to the acetylacetone β C-H group (see Fig. 1 ), the binding energy of this structure is only 6.6 kJ/mol and the energy difference compared to the most stable C=O side complex is 17 kJ/mol. The calculated energy differences between the structures allow us to estimate the possible abundances of these structures. Based on the Boltzmann distribution at room temperature the amount of the second in stability O-H side structure could be in the order of 5% (and the least stable β C-H complex around 0.08%). At this point one can disregard the least stable conformer from further consideration as the amount is much smaller than the expected detection limit of the experiment (roughly estimated at 1%). The calculations of D 2 O D2-acetylacetone structural parameters and energies are, in fact, exactly the same as for the H 2 O-acetylacetone complex and this is not surprising as the electronic energy of the system is not changed upon the deuteration. If the vibrational zero point energy is taken into account, the deuterated complex binding energy is estimated to be higher by 1.7 kJ/mol than that of the hydrogenated one. In order to further investigate the influence of mass and electronic changes in acetylacetone on the forming of the hydrogen bonded complex with water we have studied hexafluoroacetylacetone where two CH 3 groups are exchanged with CF 3 groups (see Fig. 2 ). According to the calculations, hydrogen-fluorine exchange has a major influence on the structure and binding energy of the H 2 O F6-AcAc complex. The most stable structure of this complex is different from AcAc water -the repulsion between electronegative oxygen in water and fluorine atoms in F6-AcAc increases the intermolecular distance. The hydrogen atom of the free OH group in the water molecule is turned towards the CF 3 group, but is also rather far away and the attraction cannot compensate for the repulsion between oxygen and fluorine. The binding energy of the most stable structure is 11.5 kJ/ mol -much smaller than in the case of the AcAc-water complex.
Experimental results
Theoretical calculations allow us to expect that at least one type of a hydrogen bonded complex between AcAc and water should be detectable experimentally. The matrix isolation experimental technique makes it possible to stabilize weak complexes and prevent formation of larger structures which would hinder detection of such complexes. The overview spectra in the whole middle infrared region of acetylacetone isolated in the nitrogen matrix (1:500), water isolated in the nitrogen matrix (1:500) and the acetylacetone-water mixture isolated in the nitrogen matrix (1:1:500) are presented in Fig. 3 . Only a brief overview of these spectra already allows us to identify additional spectral bands in the spectrum of AcAc-water mixtures that are not observed in the spectra of pure compounds. The presence of these bands indicates that at least one type of the complex is formed.
Overviewing the spectra together with the theoretically calculated spectra (see Table 1 ) allows us to identify the spectral regions where one can expect to see the most distinct spectral bands associated with AcAc-water complex formation. According to the calculations and the experimental spectrum the most obvious spectral changes are occurring in the spectral region between 3800-3300 cm -1 . In this region the O-H stretch vibration of water is expected to be observable. Figure 4 compares the spectra of pure water and AcAc-water mixtures isolated in the nitrogen matrix. One can also expect the AcAc O-H stretch band somewhere in this region, but it is well ν is stretch vibration, δ is in-plane deformation vibration, γ is out-of-plane deformation vibration, ρ is rocking vibration, τ is twist vibration.
known that due to a strong intramolecular hydrogen bond in AcAc this band is much broadened and highly red shifted. Due to these conditions this band was never identified in the low temperature matrices [10] [11] . Water bands are readily identified from pure water isolated in nitrogen spectra and previous works [17] [18] [19] . In the spectra of the AcAc-water mixture isolated in nitrogen (Fig. 4 ) two additional spectral bands at 3699 and 3514 cm -1 (see Table 1 ) are observed. Based on the calculations these bands are assigned to the free O-H stretch and the bound O-H stretch, respectively. The bound O-H stretch involves water hydrogen bonded to AcAc on the C=O group side. The fact that only these bands are observed in the spectra suggests that in nitrogen only one type of the AcAc-water complex is observable. It is well known that the nitrogen matrix is a quite rigid molecular solid and most of molecular dynamics are blocked in this matrix, for example, water monomer rotates in argon matrices, but the rotation is stopped in nitrogen [20] . As a consequence, we see fewer peaks in the nitrogen matrix spectra thus making it easier to analyse.
In order to better explore possibilities to detect another type of the AcAc-water complex we have performed studies in argon matrices as well. We also compared these results to the ones produced by the group in Tokyo University and found that they are extremely similar [13] . The O-H stretch region of pure water and the AcAc-water mixture isolated in argon matrices, together with the DFT calculated spectra of two possible AcAc-water complexes, are presented in Fig. 5 . The bands we see in the pure water spectrum in the 3800-3700 cm -1 region (Fig. 5) can easily be assigned to water monomers. In a similar fashion, we can state that the band at 3573 cm -1 is the result of water dimer formation. We see that its intensity grows with increasing the water concentration and the sample temperature. In the spectra of the AcAc-water mixture isolated in argon we observe three additional spectral bands besides those of pure water. We can attribute the band at 3705.9 cm -1 (see Fig. 5 and Table 1 ) to the free O-H stretch of water bound to acetylacetone, based on the calculations and annealing experiments. In this region two more bands are observable at 3512 and 3495 cm -1 . These bands follow the same dynamics during the sample warming up from 9 to 30 K. They grow in intensity exactly at the same rate. The same happens when the water concentration is increased in the mixture. These dynamics suggest that these two bands belong to the same molecular species. Moreover, the difference between these bands in the experimental spectrum equals to 15 cm -1 while the calculated separation between two different theoretically predicted structures is 100 cm -1 . One more argument against the second structure observation is the calculated energy difference between two structures. The Boltzmann distribution allows us to expect the 1:20 ratio between two structures at room temperature. In the experimental spectra we observe almost 1:1 ratio of these two bands. All these experimental observations allow us to conclude that both of these bands are associated with the same C=O side AcAc-water hydrogen bonded complex. The presence of these two bands could be explained by two hypotheses: the matrix cage effect or coupling with the internal motions of the AcAc molecule.
In order to try to clarify this effect, experiments with D 2 O and D2-acetylacetone were performed. Similar experiments carried out by the Tokyo group used a mixture of normal and deuterated water [13] . During our experiments, we tried to obtain 100% D2-acetylacetone to make the analysis both easier and more accurate. Deuteration does not change an electronic structure of the system and the strength of the hydrogen bond is mainly determined by the change of the zero point vibrational energy. Mass increase from hydrogen to deuterium results in the change of vibrational frequencies involving H/D atom vibration and thus the overall change of zero point vibrational energy. The O-D stretch region of D 2 O and D2-acetylacetone isolated in the argon matrix is presented in Fig. 6 , and the complete assignment of vibrational bands is summarized in Table 2 . From the experiments using 5. (a) The calculated spectra of acetylacetone-water C=O side complex (most stabile); (b) the calculated spectra of acetylacetone-water O-H side complex; (c) the infrared absorption spectrum of water in argon (1:500) at 9 K temperature; (d) the infrared absorption spectrum of acetylacetone-water mixture in argon (1:1:500) at 9 K; (e) the infrared absorption spectrum of acetylacetone-water mixture in argon (1:1:500) at 30 K. Arrows denote complex bands in normal water. The doublet separation change from hydrogen to deuterium is most likely associated with the matrix cage effect, as heavier deuterium atom vibration is probably less perturbed by surrounding argon atoms. The complex band is red shifted by 5 cm -1 from the D 2 O trimer band just like it was in the case of normal water. This indicates the same hydrogen bond strength change upon deuteration in the acetylacetone-water complex as it is observed in the water trimer. The spectral shift of the water O-H stretch from the monomer (from the most intense monomer antisymmetric rovibrational band) to the acetylacetone-complex is 250 cm -1 in the hydrogenated complex and 220 cm -1 in the deuterated complex. A smaller shift in the deuterated system exhibits a weaker hydrogen bond. This effect is called the negative Ubbelohde effect and is in agreement with theoretical predictions for weakly bounded hydrogen bond complexes involving water [21] . A similar effect upon deuteration is also observed for the water trimer [18] [19] . It is interesting to note that this experimental observation contradicts theoretical predictions at the DFT B3LYP (6-311++G(3df, 3pd)) level where a deuterated form predicted to be slightly stronger, but confirms Car-Parrinello molecular dynamics studies [21] where water involving hydrogen bond complexes is expected to have a slightly weaker hydrogen bond upon deuteration.
The infrared absorption region between 1800-600 cm -1 is associated mainly with acetylacetone vibrations. Water has some spectral bands associated with H-O-H bending vibrations between 1650-1550 cm -1 . In the spectra of the AcAc-water mixture isolated in argon these bending vibrations heavily overlap with the broad bands of acetylacetone C=O and C=C stretching vibrations. Despite the complicated structure of the bands we were able to identify the H-O-H bending vibration band of water bound to AcAc at 1590 cm -1 (see Table 1 and Fig. 7) . It is much more difficult to observe any effect of the AcAc-water bond on the C=O and C=C stretch modes of acetylacetone. This observation is rather different from the typical cases of hydrogen bonding between carbonyl groups of a molecule with water. Classical examples of such interactions are water-carboxylic acid or water-ethanol hydrogen bonded complexes [22] [23] . In carboxylic acids the C=O band is red shifted by ca. 40 cm -1 from the monomer to the complex with water and is the most sensitive mode of carboxylic acids to the hydrogen bond formation. However, the C=O band in acetylacetone is heavily coupled with the C=C band and other ring vibrations. The combined width of overlapping C=O and C=C bands Fig. 7. (a) The infrared absorption spectrum of water-acetylacetone mixture in argon (1:1:1500) at 9 K temperature; (b) the infrared absorption spectrum of acetylacetone in argon (1:500) at 9 K; (c) the infrared absorption spectrum of water in argon (1:200) at 9 K. The arrow denotes δ(bound H-O-H) of water hydrogen bonded to acetylacetone Wavenumber, cm -1 Absorbance in acetylacetone is more than 100 cm -1 , which could mask the red shifts of the C=O band of acetylacetone bonded to water. A close look at the pure AcAc band and the AcAcwater mixture band in the region between 1700-1540 cm -1 reveals some additional broadening of the combined C=O and C=C band on the red side of spectra in the samples with added water. This, in fact, could be an indication of a slight disturbance of the C=O band of acetylacetone upon bonding with water. A more clear red shift of the C=O band is observed in the D 2 O D2-AcAc complex (Fig. 8) . In this case C=O and C=C bands are much less coupled and one can clearly see an appearing shoulder on the C=O band for the samples with an additional amount of D 2 O. The red shift of the observed band from the monomer to AcAc bonded to D 2 O is 10 cm -1 . This is still much smaller than expected for a medium strength hydrogen bond system which was concluded from the shifts of bound O-H and O-D stretches of water. This allows us to conclude that the internal hydrogen bond in AcAc highly reduces the external influence of the bonded water on the vibrations of the bound acetylacetone molecule.
Two additional spectral regions are expected to be sensitive to the formation of an external hydrogen bond in acetylacetone: the region around 1360 cm -1 where in-plane deformation vibrations of the O-H group (see Table 1 ) are expected to be observable and the region between 1050 and 900 cm -1 where out-of-plane O-H deformation vibrations are expected to contribute to infrared absorption. The spectral band at 1360 cm -1 is very broad both in argon and nitrogen matrices. This is not surprising as this motion highly delocalizes the O-H proton in the AcAc molecule. We were unable to see any definitive change of this band upon complex formation between water and AcAc. This fact allows us to assume that the external hydrogen bond with water has only a very minor influence on the strength and dynamics of the internal hydrogen bond in the AcAc molecule.
In the 1050-900 cm -1 region, there are several AcAc vibrations which could be expected to be sensitive to the formation of a hydrogen bond with water (Table 1 and Fig. 9 ). As it can be seen from the data there is a slight shift of the CH 3 rocking and twisting bands of AcAc in the C=O group side. These shifts are observed both in the calculations and experimental spectra of AcAc water mixtures isolated in the nitrogen matrix. Even larger shifts are observed for O-H out-of-plane deformation vibrations, calculations predict a 23 cm -1 red shift upon hydrogen bond formation (see Table 1 ) and experimentally in the nitrogen matrix we observe a 24 cm -1 red shift (960 cm -1 pure AcAc and 936 cm -1 AcAc-water complex). We also can observe a slight blue shift for the band associated with C-CH 3 stretch vibration: theory predicts a 8 cm -1 blue shift for the complex formation and experimentally we observe a band at 910 cm -1 for the pure AcAc and a broad shoulder at approximately 920 cm -1 for the AcAc-water mixture. The analysis of the argon data is much more complicated. The bands are much broader than in nitrogen and that makes it harder (a) The calculated spectrum of acetylacetone; (b) the calculated spectra of acetylacetone-water complex; (c) the infrared absorption spectrum of acetylacetone in nitrogen (1:500) at 9 K temperature; (d) the infrared absorption spectrum of acetylacetone-water mixture in nitrogen (1:1:500) at 9 K. Arrows denote acetylacetone bound to water bands to identify bands appearing due to the complex formation. The band broadening in argon is a result of a much weaker interaction between the matrix and the molecule, therefore most of the internal dynamics of the AcAc molecule are preserved (a large amplitude O-H stretch and CH 3 torsion motions) thus making interpretation of the bands possible only after the approximate position is preliminarily known based on nitrogen matrix experiments.
The small band shifts of the AcAc molecule upon complex formation and remaining broad bands in the argon matrix confirm that water, hydrogen bonded to the AcAc molecule, has only a very small influence on the internal hydrogen bond strength in the AcAc molecule and does not have any significant influence on the internal dynamics of AcAc molecule atoms. In order to analyse the influence of electronic configuration of the molecule on the possibility of forming hydrogen bonds in detail, hexafluorinated acetylacetone molecule complexes with water were explored. The theoretical calculations predict different geometry and binding energy of the fluorinated AcAc-water complex. The binding energy of the hexafluoroacetylacetone-water complex is 11.5 kJ/mol, which is smaller than that of the acetylacetone-water complex by 12.1 kJ/mol. The list of the calculated and experimental vibrational bands is presented in Table 3 . This is also reflected by the predicted water O-H stretch bands position. The free O-H stretch is predicted to be at the similar place as in the case of the acetylacetone-water complex (AcAc at 3885 cm -1 , 6F-AcAc at 3894 cm -1 ), but the change is strongly reflected in the bound to AcAc water O-H stretch (AcAc at 3640 cm -1 , 6F-AcAc at 3778 cm -1 ). Experimentally we observe these bands for the 6F-AcAc-water complex isolated in argon at 3731 and 3580 cm -1 (Fig. 10) . These bands are heavily perturbed by the water absorption and determination of the bound O-H band position was possible only in the difference spectrum when the absorption bands of water dimers and trimers were removed. The weakness and broadness of the bands indicated that complex binding energy is smaller and much less localized for 6F-AcAc when compared to the AcAc-water complex. The spectral region between 1710 and 1580 cm -1 is very complicated for the samples isolated in the argon matrix. For pure 6F-AcAc we expect only two normal vibrations due to the C=O and C=C group stretch vibrations. In the experimental spectra we see two medium strength doublets. The same doublet structure is observed in nitrogen and even parahydrogen matrices [14] which points to the intrinsic dynamics in the 6F-AcAc molecule. The weak bands in between these two doublets are most likely combination bands. Addition of water complicates this region even more. It is possible to assign one band to the bending vibration of water bound to 6F-AcAc at 1589.5 cm -1 . This band is always growing in intensity with increased water Wavenumber, cm concentration. A complicated band structure does not allow a clear identification of the C=O stretch band of 6F-AcAc bound to water. This fact also points out the weakness of the formed complex. The spectral region from 1300 to 900 cm -1 exhibits a few additional spectral bands appearing in the spectra of 6F-AcAc-water mixtures in argon (Fig. 11) . The biggest difference between the spectra of the pure 6F-AcAc and the 6F-AcAc-water mixture is the band at 1278 cm -1 . Based on the calculations, it is attributed to a highly coupled vibrational transition consisting of O-H in-plane deformation and CF 3 stretch (C=O side). The band position in the pure 6F-AcAc is at 1268 cm -1 . It is interesting to note that the change of the OH in-plane deformation is not observed in the normal AcAc due to a very broad band structure arising from the delocalization of hydrogen in the AcAc molecule. Two additional shoulder bands red shifted by 3 cm -1 from the bands in the pure 6F-AcAc are observed at 1264 and 1223 cm -1 and are mainly associated with the stretch vibrations of CF 3 groups, which are highly coupled with the vibrations of O-H and C=O groups in the molecule. Two more weak bands appearing with an addition of water at 1126 and 1057 cm -1 are significantly shifted from the bands of pure 6F-AcAc. Based on the calculated spectra these two bands cannot be assigned to the normal vibrations of the 6F-AcAc-water complex and must be associated with combinational vibrations. 11. (a) The calculated spectrum of hexafluoroacetylacetone; (b) the calculated spectra of hexafluoroacetylacetone-water complex; (c) the infrared absorption spectrum of water in argon (1:500) at 9 K temperature; (d) the infrared absorption spectrum of hexafluoroacetylacetone in argon (1:500) at 9 K; (e) the infrared absorption spectrum of hexafluoroacetylacetone-water mixture in argon (1:1:500) at 9 K. Arrows denote bands attributed to hexafluoroacetylacetone-water complex The appearance of the new bands in the spectra of 6F-AcAc-water mixtures compared to the spectra of pure water and pure 6F-AcAc clearly signifies that the complex between 6F-AcAc-water is formed. However, the small shifts and broadness of the bands indicates that the complex is much weaker than that of the normal AcAc-water. This is supported by theoretical calculations as well.
CONCLUSIONS
Theoretical calculations performed at the B3LYP 6-311++G(3df, 3pd) level and matrix isolation infrared absorption experiment results confirm that acetylacetone and water form hydrogen bonded complexes in argon and nitrogen. Only one complex with the most stable structure was observed experimentally for all the species. The spectral bands of the complex were identified and assigned to the normal vibrations of water and acetylacetone participating in the formation of the complex. The bond strength in the complex is similar to the bond strength in the water trimer -this is confirmed by the calculations and similar spectral shifts of the bound O-H stretch observed in the water trimer and the acetylacetone-water complex.
In spite of a moderate hydrogen bond strength only very small changes of the AcAc bands are observable. The observed fact that O-H in the plane deformation band does not change upon formation of an external hydrogen bond with water suggests that water has a very minor influence on the strength and dynamics of an internal hydrogen bond in an AcAc molecule. The deuteration of water and acetylacetone O-H and C-H bonds results in a slight decrease of the complex hydrogen bond energy upon the deuteration. This is manifested in a smaller water molecule O-D stretch shift from the monomer to the complex compared with the corresponding O-H stretch shift. The fluorination of CH 3 groups in acetylacetone results in a different complex geometry and a significant binding energy decrease manifested both in the DFT calculated energy and the observed smaller OH stretching shifts from the monomer to the complex.
